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Abstract 
Environmental quality has become increasingly influenced by the built environment and buildings play an important 
role in energy consumption and CO2 emissions through phases of life cycle. This paper evaluates environmental 
impacts of reinforced concrete structure, steel structure and wood structure in terms of embodied energy and CO2 
emissions of building materials in Taiwan. Environmental burdens of materials from cradle to gate including long 
transportation factor are taken into analysis since a great amount of wood is imported from the North America and 
ore of steel is imported from the West of Australia to Taiwan. The results show that wood structure has great benefits 
for the built environment in Taiwan. 
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1. Introduction 
The building construction sector consumes much energy and emits large quantities of carbon dioxide to 
the air. Embodied energy consumption and embodied CO2 emissions of materials are essential indicators 
for sustainability in construction. In Taiwan, wood structure is not the common type of construction 
compared to reinforced concrete (RC) structure and steel structure and in many developed countries, 
concrete is not used as often as in Taiwan because of the higher expense of labour cost, aggregate and 
framework so that more buildings are constructed with wood or steel; however, due to the low expense of 
aggregate, cement, and humane labour, concrete is widely used for decades in Taiwan [1]. In another 
aspect, in terms of forest resource in Taiwan, wood consumption per year in the country amounts to 8 
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million to 10 million cubic meters, the harvesting consumption is only 50-60 thousand cubic meters [2]. 
In addition, the price of imported wood is lower than that in Taiwan and the size and quantity cannot meet 
the requirements in industry. Now the degree of self sufficiency of wood in Taiwan is only 0.7% and 99% 
of wood sources come from foreign countries [3] such as Asia, North Europe, North America and New 
Zealand. But as the climate changes and global environmental problems arise, material selection and its 
environmental profiling cannot be ignored. These environmental factors will strongly affect the building 
construction process, and material selection and usage in the building sector. 
General concepts of benefits of using wood products include low embodied energy consumption and 
low embodied CO2 emissions in manufacturing process. Besides, carbon dioxide is absorbed during plant 
growing process, and when wood is manufactured into products, carbon is stored in the products for a 
long time. Even when the wood is combusted, combustion obtained from well-managed forest is assumed 
to have zero emissions because CO2 released during burning process is balanced by CO2 absorbed during 
forest growth. 
Additionally, a growing body of knowledge in quantitative research suggests that building with wood-
based material can result in lower energy use and CO2 emission compared with other materials such as 
concrete, brick or steel [4, 5, 6, 7]. In Taiwan, Tu [8] discovered that RC and steel structure release CO2, 
4.2 times and 3.6 times more than wood structure respectively. However, this study investigated wood 
manufactured in Taiwan locally and discusses less about using wood manufactured from overseas. 
Besides, the steel of ore is imported from the West of Australia. Thus, this paper aims at investigating 
environmental impacts of RC structure, steel structure and wood structure from cradle to gate perspectives 
and source of wood is chosen from Pacific North West (PNW) in the USA. Besides, it is interesting to 
discover which factor of embodied burdens that influences most from cradle to gate perspectives. 
2. Methodology 
Environmental burdens of materials include material extraction, transportation and manufacturing 
processes. Energy consumption and CO2 emissions are the factors for analysing environmental impacts of 
materials. Data of environmental impacts of material production are based on its local condition in the 
analysis because local energy system influences environmental impacts of materials. For example, 
concrete and steel products are manufactured in Taiwan and information of environmental impacts is 
obtained locally, while information of wood is acquired when wood is manufactured in the USA. Since 
materials of wood and steel of ore are transported from overseas, it is essential to consider transportation 
factor in the analysis. The environmental impacts of three major materials, wood, concrete and steel are 
discussed in the followings. 
3. Discussions and Results 
3.1 Wood 
Wood products such as sawn wood and plywood manufactured in the Pacific Northwest area (Oregon 
and Washington States) of the USA are under analysis. Environmental impacts are provided by 
Consortium for Research on Renewable Industrial Materials (CORRIM), which has begun from 2000 to 
establish information on LCA of wood and wood products [9]. The data include wood harvesting, road 
transportation, and manufacturing processes. 
 
Further, it is estimated that sawmills in this area are located in Portland, Beaverton, and Seattle. It is 
assumed that wood products are transported from sawmills to the port Tacoma by truck and then are 
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transported by marine from port Tacoma to port Kaohsiung in Taiwan. The functional unit of wood is 
taken m3 in the calculation. Truck of Heavy Duty Vehicle (HDV) (38 tonnes) is assumed for carrying 
wood from sawmills to port. The information of road transportation and distance by truck is shown in 
Table 1. As for marine transportation, the imported wood, such as sawn wood and engineered wood, is 
transported by cargo container ship. The methodology and GHG emission factors by Network for 
Transport & Environment (NTM) [10] are adopted. The information of vessel including long journey 
distance is expressed in Table 2. 
Table 1. Factors and information of heavy duty vehicle by road transportation 
Factors and Information  Heavy Duty Vehicle  
CO2 (Kg/litre) 2.67 
Fuel Efficiency (litre/100km) 30.89 
Fuel Heating Value (MJ/litre) 38.65 
Carrying Capacity (%) 75 
Carrying Volume (m³) 27.3 
Road Transportation Distance (km) 110 
Table 2. Factors and information of marine transportation (container ship) 
Factors and Information  Container Ship 
Cargo Capacity (TEU) 7,000 
Carrying Capacity (%) 80 
Cargo Volume (m³) 25 
DWT (tonne) 7,5000 
Fuel Consumption (tonne/km) 0.163 
CO2 (kg/tonne fuel) 3110 
Fuel Heating Value (MJ/kg) 41 
Marine Transportation Distance (km) 10,606 
3.2 Steel 
The resource of steel of ore is imported from the west of Australia to Taiwan. First, the process of 
open-pit ore mining refers to a method of extracting rock or minerals from the earth by their removal from 
an open pit and energy consumption for various operations includes drilling, dosing and extraction is 
needed. Based on the research [11], energy consumption of each tonne of open-pit ore requires 1,280 MJ. 
It is assumed that major fuel is oil for ore mining in mechanical process and each unit of mega joule of oil 
releases 0.07 kg CO2 in the calculation. After that, comes the process of mineral processing, which aims at 
making the ore suitable for subsequent processes and uses. Comminution is the particle size reduction of 
materials and it is the major consumer of energy in mineral processing. General mineral processing plant 
use electric power for conveying or pumping the ore through a sequence of treatment. The major primary 
consumption areas in mineral processing include crushing/grinding, flotation, filtration and water recycle. 
It has been estimated that energy in comminution consumes 30 kWh/tonne ore (108 MJ/tonne ore) [12]. In 
Australia, electricity generation in 2009 by fuel includes wind (1.5%), hydrology (4.5%), natural gas 
(16%), oil (0.9%), and coal (76.3%). A mean has been stated according to their participation in the energy 
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production of 0.0818 kg of CO2 emissions for each mega joule used. 
 
The bulk of iron ore production in Western Australia comes from the Pilbara region of the state. A 
number of mines however are also located in the Mid-West and Kimberley regions. The big two 
producers, Rio Tinto and BHP Billiton accounted for 90 percent of all iron ore production and these 
producers have their own rail transportation from mining to coast. The distance of railway from the 
mining plant to the port Hedland takes around 300 km. The environmental impacts of rail transportation 
follow the method by NTM [13]. The information of rail transportation is shown in Table 3. As for marine 
transportation, bulk cargo is the vessel that transports unpackaged in large quantities, such as coal, grains 
(wheat, rice, and oats), iron ore, wood chips, etc. It is assumed that steel of ore is transported by bulk 
cargo ship with 50,000 tonnes (Ocean type) from Australia to Taiwan. The information of marine 
transportation of ore is shown in Table 4. 
 
After the processed ore is imported to Taiwan, there comes the process of making steel, such as 
blasting and casting into steel. Based on the previous studies in Taiwan, we adopt the data of 
environmental impacts of steel into analysis [14]. It is estimated that 7,857 MJ of energy is consumed and 
923.45 kg of CO2 are released during manufacturing process per tonne of steel. 
Table 3. Factors and information of rail transportation 
Factors and Information Diesel Train 
Train Gross Weight, W(gr) (tonne) 1000 
CO2 Emission Factor (g/kg) 3175 
Load Factor (%) 60 
Fuel Heating Value (MJ/kg) 42 
Fuel Consumption (g/gr-tkm) 122*W(gr)-0.5( 
Transportation Distance (km) 300 
Table 4. Factors and information of marine transportation (bulk cargo) 
Factors and Information  Bulk Cargo Ship 
Cargo Capacity (tonne) 50,000 
Carrying Capacity (%) 67 
Fuel Consumption (tonne/km) 0.047 
CO2 (kg/tonne fuel) 3179 
Fuel Heating Value (MJ/kg) 41 
Transportation Distance (km) 4,873 
3.3 Concrete 
Concrete is widely used in building construction in Taiwan and most of the buildings are constructed 
with reinforced concrete. The primary energy consumed for the production of building materials includes 
the complete production chain, which indicates from the extraction or mining of raw materials to the 
295Sheng-Han Li and Hasim Altan / Procedia Engineering 21 (2011) 291 – 297Sheng-Han Li and Hasim Altan / Procedia Engineering 00 (2011) 000–000 
manufacturing process of the final building materials, also including transportation. During cement 
production, mineral raw materials are heated in a kiln to produce clinker. Fuel combustion for kiln firing 
the largest source of energy consumption and CO2 emissions during cement manufacture. In Taiwan, the 
major energy used in cement manufacturing process is coal and electricity. Based on the studies [14], 13 
factories for producing cement were investigated and it is estimated that each tonne of cement produces 
409.57 kg CO2 and consumes energy of 3,984 MJ. 
 
In addition, stone aggregate in the form of sand and gravel is an important component of concrete, 
composing more than 80% by weight of a typical concrete composition. Stone aggregate is extracted near 
the river bank and it is estimated that each cubic meter of aggregate releases 3.11 kg CO2 and consumes 
energy of 33.9 MJ. To make precast concrete, a concrete mixer machine is used in the process with 
estimation of 1.34 kg CO2 emissions and 7.3 MJ energy requirements per cubic meter of concrete. 
Environmental impacts of energy consumption and CO2 emissions of precast concrete per cubic meter are 
1,581.28 MJ and 253.68 kg respectively [14]. 
3.4 Construction 
In this paper, we do not consider the environmental impacts during construction process in the analysis 
due to the small amount of embodied energy consumption [15]. In order to analyse the environmental 
impacts of three structures, it is essential to investigate the amount of materials used in building 
construction. The amount of materials in wood structure is followed by the previous estimation [8] and the 
amount of materials in steel structure and RC structure is based on studies [16]. The results are shown in 
the following Table 5, with the functional unit expressed in kg or m3 of floor area per m2. In the study, the 
amount of materials only for main structure use is considered and other materials for inner decoration are 
not included. 
Table 5. Estimative usage amount of structures per floor area (kg/m2) (m3/m2) in Taiwan 
RC Structure Usage Wood Structure Usage Steel Structure Usage 
Steel (kg/m2) 159.81 Steel (kg/m2) 22.4 Steel (kg/m2) 179.8 
Concrete (m3/m2) 0.624 Concrete (m3/m2) 0.17 Concrete (m3/m2) 0.18 
  Wood (m3/m2) 0.15   
  Plywood (m3/m2) 0.046   
 
Environmental impacts of materials in terms of embodied energy and CO emissions are illustrated in 
Fig.1 (a) (b). Four factors are analysed including material extraction, road and marine transportation, and 
manufacturing. The unit of steel for energy and CO2 emissions is per tonne, while others per m3. It can be 
found that material of steel leads to the highest environmental burdens and manufacturing process 
accounts for 82% and 88% of total energy consumption and CO2 emissions. Besides, material extraction 
(open-pit mining and mineral processing) of steel accounts for 14% in energy requirements. Relatively, 
transportation remains less significant. Besides, manufacturing process of concrete is the major 
contributor for environment. As for wood, there is no significant difference in energy consumption for 
sawn wood and plywood from the USA. It can be suggested that, sawn wood, taken as an example, 
produces the highest energy need in manufacturing (79%), followed by marine transportation (14%). 
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Nevertheless, CO2 emissions for sawn wood (293MJ) are slightly higher than plywood. 
When environmental impacts of three structures are compared, it can be seen in Fig. 2(a) (b) that wood 
structure has the lowest embodied energy consumption (1,332 MJ/m2) and lowest CO2 emissions (122.26 
MJ/m2). RC structure and steel structure are 1.9 and 1.3 times more than wood structure in energy 
consumption, and 2.6 and 1.9 times more than wood structure in greenhouse emissions. The results show 
difference from the previous study completed by Tu [8], simply because imported wood source matters 
the environmental impacts due to its local energy system or different manufacturing condition. From 
PNW in the USA, 51% of energy used for sawn wood manufacturing is sourced by fossil fuels (coal, 
crude oil and natural gas) [9], leading to higher CO2 emissions. 
 
  
Fig. 1. (a) Embodied energy consumption of building materials; (b) Embodied CO2 emissions of building materials 
  
Fig. 2. (a) Embodied energy consumption of structures per floor area; (b) Embodied CO2 emissions of structures per floor are 
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4. Conclusion 
Wood has many benefits for our environment. In this case, it can be concluded that wood structure with 
resource from the USA has relatively less environmental impacts in terms of embodied energy and CO2 
emissions in building construction in Taiwan. RC structure consumes the highest energy and also has the 
highest global warming potential. Therefore, to encourage using more wood structure in replacement of 
RC structure and steel structure can mitigate environmental burdens in the country. In addition, when 
factors of environmental impacts of wood from the USA are considered, marine transportation is the 
second essential factor followed by manufacturing process. 
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